NeuroQuant (NQ) is a fully-automated program that overcomes several existing limitations in the clinical translation of MRI-derived volumetry. The current study characterized differences between the original (NQ1) and an updated NQ version (NQ2) by (i) replicating previously identified relationships between neuropsychological test performance and medial temporal lobe volumes, (ii) evaluating the level of agreement between NQ versions, and (iii) determining if the addition of NQ2 age-/sex-based z-scores hold greater clinical utility for prediction of memory impairment than standard percent of intracranial volume (%ICV) values. Sixty-seven healthy older adults and 65 MCI patients underwent structural MRI and completed cognitive testing, including the Immediate and Delayed Memory indices from the RBANS. Results generally replicated previous relationships between key medial temporal lobe regions and memory test performance, though comparison of NQ regions revealed statistically different values that were biased toward one version or the other depending on the region. NQ2 hippocampal z-scores explained additional variance in memory performance relative to %ICV values. Findings indicate that NQ1/2 medial temporal lobe volumes, especially age-and sex-based z-scores, hold clinical value, though caution is warranted when directly comparing volumes across NQ versions.
INTRODUCTION
MRI-derived volumetry is a well-established biomarker of Alzheimer's disease (AD) [1] [2] [3] and can potentially aid in clinical staging [4] . However, attempts to translate volumetrics into clinical practice are limited by a number of pragmatic challenges, including inadequate access due to the need for specialized expertise and sufficiently powered equipment, lengthy processing time, non-standardized (laboratory specific) approaches, and the need for a normative context within which to consider an individual patient's values (see discussions in [5] and [6] ). NeuroQuant (NQ) may bridge this translational gap by overcoming several of the aforementioned limitations. Specifically, NQ is a commercially available (i.e., widespread access) and fully automated service that uses a standardized processing pipeline to provide volumetrics in a clinically-friendly time period of about 15 minutes. NQ may prove affordable for clinical implementation, since its FDA approval (510(k) K061855) allows providers to bill for its use. Perhaps most importantly, NQ contextualizes volumes for each region by providing age-and sex-based normative values (in z-scores) that are based on large-scale MRI databases [7] .
Results from several studies indicate that NQ provides a reliable and valid measurement of brain volumes in clinical and healthy samples compared to computer aided manual segmentation [8] , visual inspection [9] and other fully automated programs [10] . NQ volumes also appear to have clinical relevance. For instance, Kovacevic and colleagues [11] found that NQ-derived medial temporal lobe volumes correlated with memory performance in patients with mild cognitive impairment (MCI). However, one limitation of this study was that brain volumes were adjusted for percentage of whole brain volume rather than intracranial volume, which may have reduced reliability [12] . We previously reported that intracranial volume-corrected inferior lateral ventricle volumes were significantly correlated with immediate and delayed memory performance, and that hippocampal volumes were correlated with delayed memory performance on the Repeatable Battery for the Assessment of Neuropsychological Status (RBANS) in a mixed sample of MCI and healthy older adults (HOA) [13] . Importantly, the relationship between hippocampus and delayed memory persisted in the MCI subgroup, further reinforcing the potential clinical utility of the data. While these findings are encouraging, NQ underwent a substantial revision in mid-2015 (version 2 -NQ2), including an updated segmentation approach and expanded age range [14] . Differences may exist between the original NQ1 and NQ2 values as well as their relationship with memory test performances that have yet to be examined, especially using independent datasets.
The current study used MRI data from an expanded sample, relative to our earlier report by England and colleagues [13] , which consisted of cognitively intact older adults and those with MCI. Our first aim was to replicate previous findings demonstrating the relationship between key medial temporal lobe regions and cognitive test performance. Second, we aimed to directly compare the two NQ versions (i.e., NQ1 and NQ2) in order to identify and characterize any differences that could affect the interpretation and clinical translation of older research findings. Finally, we sought to extend findings by comparing the relationship between memory test performance and available medial temporal lobe volumes using the standard research-based normalization method of intracranial volume (ICV) correction and the clinically-friendly age-and sex-based z-scores.
MATERIALS AND METHODS

Participants
Neuropsychological and MRI data from a total of 132 right-handed participants were used in the current study, 100 of whom were included in our previous report [13] . Of the total sample, 67 were classified as HOA and 65 were classified as MCI. We excluded data from an additional 3 participants whose neuropsychological profiles were inconsistent with their clinical diagnoses. All participants were recruited as part of a larger research program that evaluated structural and functional neuroimaging changes following cognitive rehabilitation interventions in healthy aging and MCI. MCI patients were recruited from the Emory Alzheimer's Disease Research Center and affiliated memory disorder clinics (both at Emory University and the Atlanta VA Medical Center). Diagnosis was based on Petersen's 2004 criteria [15] with 1) subjective memory complaints (provided by the patient or an informant), 2) objective evidence of memory decline, and 3) preserved everyday functioning and arose during a consensus conference of neurologists, geriatricians, and/or neuropsychologists. Healthy older adults were recruited from the community and these same resources (e.g., Emory ADRC registries, patient spouses). All individuals underwent additional neuropsychological testing at the time of enrollment into our studies; these data were independent from those used in making the initial diagnosis. All data were collected under studies approved by the Institutional Review Board of Emory University and the Research and Development Committee of the Atlanta VAMC. Each participant provided written informed consent. Basic demographic and neuropsychological data from the time of study enrollment can be seen in Table 1 .
Neuropsychological assessment
All subjects completed a brief neuropsychological assessment that included the Repeatable Battery for the Assessment of Neuropsychological Status (RBANS; [16] ), Trail-Making Test (TMT), Part A and B [17] , and the Mini-Mental State Examination (MMSE) [20] . The 15item Geriatric Depression Scale (GDS-15) was administered to rule out depression [18] and the Functional Assessment Questionnaire (FAQ) [19] was administered to ensure that functional status had remained largely intact. These data were acquired at the time of study enrollment, which was generally within one month of MRI scanning (see below), and were used to ensure that MCI patients had not progressed or reverted, and that HOA remained cognitively intact.
Magnetic Resonance Imaging (MRI) acquisition and analysis
Magnetic resonance imaging was performed on all participants with a 3T Siemens Trio MRI Scanner (Siemens Medical Solutions, Malvern, PA) using a 12-channel head coil. Highresolution anatomic scans were collected using a 3D MPRAGE sequence (TR 2300 ms, TE 3.9 ms, FA 8 o , FOV 256mm, IPR 1×1mm, IPM 256×256) with 176 sagittal slices (1 mm thick). An MR technologist reviewed scans for quality at the time of acquisition and repeated/replaced those of poor quality as necessary.
Volumetric analyses
NQ analyses were completed for all participants using both NQ1 and NQ2 via the standard processing pipeline (i.e., uploading raw DICOM files to the secure NQ servers for processing). The details of this procedure are previously described elsewhere [8, 13] . Briefly, the protocol includes a quality check, correction for gradient non-linearity/B1 field inhomogeneity, and skull stripping followed by a discrete cosine transformation and registration onto a probabilistic atlas. An anatomic label is assigned to each voxel based on estimates from the probabilistic atlas.
Both NQ1 and NQ2 provide a report that includes raw and corrected volumes (based on %ICV) for 11 brain regions. As in our earlier study [13] , we selected the hippocampus and inferior lateral ventricle for correlations with cognitive test performance. We also included the amygdala volume as an additional region of interest, given previous research implicating its relationship to memory performance and MCI [21] . In order to extend research findings using NQ2, we correlated volumetric z-scores for the hippocampus and amygdala (inferior lateral ventricle normative data is not provided by NQ2) with memory test performance. NQ2 also provides normative (z-score) values for the isthmus and "post-cingulate" region (note this region comprises the posterior cingulate cortex according to a personal communication with CorTechs Labs [22] ), which we included given evidence of reduction in those with MCI [23] and utility in predicting conversion from MCI to probable AD [24] .
Statistical analyses
IBM SPSS version 24 was used to perform all statistical analyses. Data met parametric assumptions based on visual-inspection and observed skewness coefficients <2.0 [25] . As appropriate, the differences in demographics between groups (MCI versus HOA) were evaluated using chi-square test or independent samples t-test. The results indicated a significant difference in sex between the groups. Therefore, a multivariate analysis of covariance (MANCOVA) (controlling for sex, with post-hoc tests as appropriate) was used to assess the differences between groups in ICV (NQ1 and NQ2) and neuropsychological test performance. Independent sample t-tests were used to evaluate differences between zscore NQ2 volumes, since sex was already controlled for in these values.
In order to address our first aim, we utilized partial correlations (controlling for effect of sex) to evaluate the relationship between selected structures (total hippocampus, inferior lateral ventricle, and amygdala) and cognitive test performance across the entire sample and subgroups (MCI and HOA). Although we were primarily interested in memory test performances, we included other RBANS indices to evaluate the specificity of the presumed MTL relationships (i.e., discriminant validity). The false discovery rate (FDR) [28] was used to correct for multiple comparisons (computed P (#tests+1))/(2*(#tests)).
To address our second aim of comparing NQ versions, we computed Bland Altman (B&A) plots [26] [27] , which are a graphical method of comparing the differences between two methods (NQ1 vs. NQ2) against the averages of the two paired measurements (NQ1 vs. NQ2). Results of the B&A plots provide estimates of level of agreement between NQ1 and NQ2. A one-sample t-test of the difference between the two versions (NQ1 -NQ2) was calculated for each volume to determine if the difference was significantly different from zero and to evaluate for bias (i.e., if either NQ version provided larger or smaller values than the other). There was no a priori clinically acceptable difference identified because our primary aim was to evaluate whether NQ versions were statistically biased, in general. We used a 95% confidence interval to establish the level of agreement. For this aim, we did not control for multiple comparisons given the greater risk of falsely concluding that the measures were comparable (i.e., p-values that fail to surpass the FDR correction threshold), which could result in the inappropriate use of cutoffs/values for diagnostic or treatment planning purposes.
To address our third aim of evaluating the clinical utility of NQ2 (z-scores) versus standard NQ2 (%ICV) values, we utilized partial correlations that controlled for the effects of shared variance between the NQ2 volumes. First, we computed a partial correlation between NQ2 z-score values (hippocampus, amygdala) and memory test performance and controlled for the effects of NQ2 (%ICV). Then, we computed a separate partial correlation between NQ2 (%ICV) (hippocampus, amygdala) and memory test performance and controlled for the effects of NQ2 z-score values. FDR correction was used to correct for multiple comparisons.
RESULTS
Demographic variables, neuropsychological performances, and volumetric analysis for the entire sample and sub-groups (HOA and MCI) are provided in Table 1 . There were no significant differences between groups in terms of age, ethnicity (Caucasian vs. Non-Caucasian), or education. However, there was a significant effect of sex, with a greater proportion of females in the HOA group compared to the MCI group. Results from the MANCOVA (controlling for sex) yielded a significant effect of group for neuropsychological test performances [F(8, 121)=21.024, p<0.001], medial temporal lobe volumes for NQ1 [F(8,122)=2.945, p<0.01] and NQ 2 ICV [F(6,124)=3.03, p<0.01)]. With regards to NQ2 z-scores, independent samples t-tests revealed significant differences between groups in the hippocampus and amygdala, but not in the isthmus and post-cingulate volumes.
Aim 1: Replication using NQ1 and NQ2 (see Tables 2 and 3)
We replicated earlier findings of a positive relationship between DMI performance and hippocampal volume across all participants and in the MCI group; DMI was also negatively correlated with total inferior lateral ventricle across participants. Although IMI and LI were negatively correlated with inferior lateral ventricle across all participants in our previous study [13] , neither of these indices were statistically significant in the current study using either NQ1 or NQ2. The AI was significantly and negatively correlated with ILV volume for NQ1 and NQ2 across all participants, but not in the subgroups; this finding was driven by performance on the coding subtest in NQ1 (r= −.253, p=.004) and NQ2 (r= −.247, p=.004) rather than digit span (NQ: r= −.060, p=.494; NQ2: r= −.072, p= .415).
Regarding the newly included amygdala, we found significant positive relationships between volume and all indices except visuospatial/construction regardless of NQ version in all participants. In the HOA group, amygdala volume was significantly and positively correlated with LI for both NQ versions; this correlation was driven by semantic fluency performance (NQ1: r=.418, p=<.001; NQ2: r=.366, p=.002) rather than naming (NQ1: r= −.055, p=.660; NQ2: r=.022, p=.858). DMI was significantly and positively correlated with the amygdala in the MCI sample using NQ1, but failed to surpass the FDR correction threshold for NQ2.
Aim 2: Agreement between NQ1 and NQ2
We computed B&A plots to evaluate any systematic difference between NQ versions. First, we calculated the differences in the mean volumes (NQ1 -NQ2; a negative value indicates that NQ2 produced a larger value than NQ1 whereas a positive value indicates a larger value in NQ1 than NQ2) between the NQ versions and established 95% limits of agreement for each of the 11 regions that are common to both versions. We also reviewed a random sample of outliers from the plots and determined that these differences were not the result of manual data entry or NQ processing errors. In order to determine if there was a significant difference between the NQ versions, we conducted a one-sample t-test of the mean difference value for each of the regions for each hemisphere, as well as, total volume (i.e., left + right) for each region. With the exception of the left inferior lateral ventricle and right/total cerebellum, all volumes were significantly different from one another ( Table 4 ). Select plots are provided in Figure 1 and demonstrate that NQ1 provides larger values for the right and left hippocampus and amygdala and NQ2 provides larger values for the right inferior lateral ventricle.
Aim 3: Utility of NQ2 normatively-derived z-scores
There were significant relationships between NQ2 hippocampus z-scores and DMI in the entire sample and in the MCI group when controlling for NQ2 %ICV (Table 5 ). However, there were no significant relationships between NQ2 %ICV and either memory index when controlling for NQ2 z-scores (Table 6 ). A similar finding was evident for the left amygdala and IMI in the MCI group. There were no statistically significant findings in the HOA group.
DISCUSSION
The integration of MRI-derived volumetry into clinical practice is limited by a number of practical and methodological barriers, including the ability to apply knowledge of grouplevel differences to the individual patient. NQ offers a standardized and clinical-friendly method of volumetric analysis that could potentially address several of the aforementioned barriers, including the use of normatively-derived volumetrics. This is the first study, to our knowledge, to independently compare volumes drawn from NQ versions and their relationship with neuropsychological functioning, as well as to evaluate the utility of normatively-adjusted volumetric data in HOA and MCI.
With respect to our first aim, we generally replicated previous findings [13] between key medial temporal lobe regions and memory test performance using NQ1 and NQ2. Compared to HOA, the MCI subgroup exhibited generally smaller medial temporal lobe volumes, which is consistent with the neuropathological changes in MCI compared to normal aging [29] . Of the three included medial temporal volumes, only the hippocampus was related to DMI regardless of NQ version. This finding supports the large body of evidence for the relationship between this structure and memory performance [30] [31] and further highlights its specificity in terms of cognitive test performance (at least based on the current set of measures). However, unlike earlier studies that demonstrated a relationship between posterior cingulate volumes in MCI [23] , there were no differences the isthmus/postcingulate volumes in our current study. This raises the possibility that volumetric decline may not become apparent until later in the disease course and/or that methodological differences between the regional definitions in various volumetric approaches may be responsible for these findings.
While the above findings generally supported the role of the MTL in memory (i.e., convergent validity), it is equally important to establish divergent validity. In this respect, it is important to note that the hippocampus was only related to memory test performance, both in the entire sample and in the MCI group. In contrast, the volume of the amygdala appeared to be a rather non-specific marker of cognitive change given its relationships with nearly every RBANS index in the entire sample. The relationship between the amygdala and semantic fluency in the HOA group may be meaningful given the combined findings of poor performance in those with MCI [32] and evidence of an anterior to posterior pattern of MTL atrophy in Alzheimer's disease [33] . Future studies will need to determine the predictive validity of this relationship. The overall patterns of findings are important to consider since memory was consistently related to hippocampal volume in both our current and previous [13] studies. In contrast, relationships between cognition and ILV differed across these studies and NQ versions.
When comparing level of agreement between NQ versions, our findings revealed substantially different medial temporal lobe values despite the common neuroanatomical label. Specifically, most NQ1 volumes were significantly different from NQ2 volumes with the exception of the left inferior lateral ventricle and right/total cerebellum. However, there did not seem to be any particular pattern as a function of version, subcortical vs. neocortical region, or cerebral hemisphere. These findings indicate that NQ1 and NQ2 values are not interchangeable and warrant caution when attempting to use particular values cutoffs that are based on NQ1 data. We did not determine whether one NQ version is more accurate than the other since this would require manual-tracing or other well-established methods [10, 34] including histopathological correlation. Regardless, medial temporal lobe regions generally maintained relationships with learning and memory performances in both NQ version, as in our earlier report [13] . One exception relative to our earlier report [13] is the lack of significant relationship between inferior lateral ventricle volume and memory test performance.
An especially novel aspect of NQ2 is the extensive normative sample and associated age and sex-based z-scores, which provide the context critical for translating volumetrics to the individual patient level. Our results also indicate that the NQ2 z-scores are not only more clinically applicable than standard ICV values, but they also explain significantly more variance in the relationship between hippocampus and DMI above and beyond standard %ICV correction. Such findings reinforce the use of normatively-derived volumes [35] and suggest these values can be particularly helpful at the individual patient level While our findings are encouraging, several important limitations should be noted. First, our participants were characterized according to their cognitive phenotype. This is consonant with the Petersen 2004 criteria [15] used at the time of enrollment but fails to establish the presence of characteristic AD biomarkers as suggested by current criteria [36] . While future studies should integrate beta-amyloid and tau in the diagnostic process to ensure a homogeneous disease etiology, we are encouraged by the smaller MTL volumes in our MCI sample since multiple models [4, 37] and empirical evidence [38] [39] link reduced MTL volumes with regional AD pathology. Our study is also cross-sectional and limited to healthy older adults and those with MCI, so we cannot comment on the utility of the measures to predict clinical conversion (i.e., from HOA to MCI or MCI to dementia). Future research is needed to evaluate such longitudinal uses as well as how values differ in other MCI subtypes and disease etiologies (e.g., non-amnestic MCI and vascular dementia). However, our current infrastructure will address both of these weaknesses using a new dataset since many of our longitudinally-monitored participants have consented to brain donation (via the Michigan Alzheimer's Disease Center). Our sample was generally matched in terms of age, education, and ethnicity, but there remained a statistically greater number of females compared to males in the HOA group. Therefore, we utilized statistical methods (partial correlations) to control for this effect; however, we acknowledge that this should be further examined in future studies given literature suggesting considerable cognitive variability as a function of sex in those with MCI [40] as well as potential interaction effects between sex and biomarkers [41] [42] . Relatedly, our sample was well educated and results may not generalize to individuals with lower educational achievement. We cannot rule out potential confounds related to the recruitment sources for the HOA and MCI groups; however, such factors seem unlikely given the 1) common registry used for recruitment of most of the participants (i.e., Emory ADRC) and 2) use of the same neuropsychological protocol to ensure cognitive phenotype. While the groups were not significantly different in age, it is possible that the trend-level difference contributed to the findings. However, we did not control for age because: 1) the effect size difference in hippocampal volumes was comparable for the NQ2 approaches (Cohen's d for ICV = .61; for z-score = .61), 2) the z-score volumes and RBANS data were already age corrected, 3) the correlation results remained significant in only the MCI group, which argues against a primary age-effect driving the findings for the entire sample. For exploratory purposes, we reran partial correlations between the hippocampus and RBANS DMI correcting for both age and sex in the entire sample; the significance values were unchanged (all p<.001) and the coefficients were nominally different (NQ1 ICV= .408 -change of .01; NQ2 ICV= .395 -change of . 054; NQ2 z-score = .400 -change of .004). Thus, there is no clear evidence to suggest age affected our results. Finally, there are 39 brain regions provided in NQ2 z-scores, so further research is needed to evaluate the utility of these data beyond medial temporal lobe volumes.
Overall, our findings generally validate and extend our earlier work [13] . Although the precise values between NQ ICV version values differed, medial temporal lobe volumes remained significantly related to memory test performance, especially in those with MCI. The z-score volumes are inherently useful from an individual patient standpoint and appear to be more sensitive to memory test performance, at least in NQ2. Taken as a whole, our findings suggest that NQ is a viable tool for the evaluation and interpretation of medial temporal lobe volume in older adults. Table 1 Descriptive characteristics for all participants as well as the healthy older adults (HOA) and mild cognitive impairment (MCI) subgroups. Table 5 Partial correlations (p-values) between NQ2 z-score and memory test performance while controlling for and NQ2 ICV of hippocampal (HP) and amygdala (AMG) volumes Table 6 Partial correlations (p-values) between NQ2 ICV and memory test performance while controlling for and NQ2 z-score of hippocampal (HP) and amygdala (AMG)volumes 
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